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ABSTRACT: A large area of hydrothermally grown MoS2
ultrathin nanosheets (NSs) with a vertically mesh-shaped
structure on indium tin oxide (ITO) substrate was directly
used as the photoanode of a potoelectrochemical (PEC) cell.
The photoelectrocatalytic capacity of ultrathin MoS2 NSs was
demonstrated, which was attributed not only to the excellent
electrocatalytic activity originating from the exposed preferen-
tially active edge sites but also to the superior photoelectric
response resulting from the large light absorption of ultrathin
MoS2 NSs and from the efficient separation of electron−hole pairs at the ITO/MoS2 interfaces. The significantly enhanced
photocurrent indicates that the MoS2 ultrathin NSs can be a promising photoelectrocatalyst for PEC cells, unveiling the potential
of MoS2-based PEC cells for solar energy absorption and conversion.
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■ INTRODUCTION

Photoelectrochemical (PEC) solar cells, which produce photo-
voltaic effect or water splitting at the semiconductor−
electrolyte interface, have received enormous research interests
because of the potential of solar energy conversion with two
outstanding natures of carbon-free emissions and renewable
sources.1−4 The single- and multi-junction PEC cells of
semiconductors, such as TiO2, ZnO, Si, CuO, etc., have been
elaborately designed to harvest more sunlight and to improve
carrier separation.4−8 However, the interfaces between most
semiconductors and electrolyte have poor electrocatalytic active
because of kinetic limitations,3 indicating that a good
photocatalyst is not necessarily a good PEC catalyst.9 Thus, a
most active Pt electrocatalyst is normally modified on the
surface of PEC cells to achieve the combination of the electro-
and photocatalyses, and it is shown that such a functional
integration is important to enhance the efficiency and stability
of PEC cells.10,11 The recently reported results have confirmed
the electrocatalytic activity of MoS2 NSs in the hydrogen
evolution reaction (HER), which makes MoS2 a promising
alternative for expensive Pt electrocatalyst.12−16 Meanwhile,
many theoretical and experimental investigations have found
transition metal dichalcogenides (TMDs) have some unique
optical properties. For example, the layer-modulated band gap
can capture more solar photons with different energies;17,18 the
nesting band induces a strong interband absorption above the
fundamental band gap;19,20 the heavy effective mass of d

electrons and van Hove singularity in the electronic density of
states enhance photon−electron interaction.21,22 We note that
there is no one of these natures being not conducive for the
sunlight absorption and the photoelectric conversion, as Eda20

and Grossman22 recently reported few-layered MoS2-based
optoelectronics. More recently, the photocatalytic activity of
MoS2 ultrathin NSs has been demonstrated;

23,24 however, as far
as we know, the few-layered MoS2-based PEC cells have been
rarely reported so far.
In this work, a whole scale of ultrathin MoS2 NSs with a

vertically mesh-shaped structure fabricated directly on indium
tin oxide (ITO) substrate by a hydrothermal method, as a
proof-of-concept application, was employed as a tandem
photoanode of the PEC cell to examine the photogenerated
carrier dynamics in the PEC catalysis. MoS2 ultrathin NSs with
an integration of electro- and photocatalyses were demon-
strated as a superior photoelectrocatalyst for PEC cells,
illustrating new avenues for solar energy conversion by
implanting ultrathin MoS2 NSs into PEC cells.

■ EXPERIMENTAL SECTION
The hydrothermal synthesis of MoS2 nanosheets on indium tin oxide
(ITO) was described as following. Typically, sodium molybdate (0.06
mmol, Na2MoO4·2H2O) and thioacetamide (0.4 mmol, C2H5NS)
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were dissolved in deionized water (20 mL) under vigorous ultrasound
to form a homogeneous solution. The solution was then transferred
into a Teflon-lined stainless steel autoclave (25 mL), and a piece of
cleaned ITO substrate (1 cm × 2 cm) was immersed into the solution
and was placed face down with a tilted angle against the wall.
Subsequently, the autoclave was put into an electric oven and was
heated at 220 °C for 20 h. The grown product on ITO was washed
with deionized water and absolute ethanol several times to remove any
possible ions, and then dried at room temperature under vacuum.
Field-emission scanning electron microscopy (FESEM) was

performed using a JEOL JSM-7600F equipped with energy dispersive
X−ray spectroscopy (EDS) under an accelerating voltage of 5 kV.
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) were carried out on a JEOL JEM 2010F with the beam
energy of 200 keV. UV−vis absorption spectrum was conducted on a
UV-2501 spectrophotometer. X−ray diffraction (XRD) patterns were
recorded by using a Siemens D-500 X−ray diffractometer with Cu Kα
( λ = 0.15406 nm). X-ray photoelectron spectroscopy (XPS) was
performed using an X-ray photoelectron Spectrometer (KRATOS,
AXIS ULTRA) with a monochromated Al Kα (1486.7 eV) X-ray
source at a power of 150 W (15 kV × 10 mA). The binding energy of
C 1s peak at 285.0 eV was used as the reference for all the spectra.
Using an electrochemical workstation (CHI852c, CH Instruments),

photocurrent measurements were performed in a photoelectrochem-
ical (PEC) cell with a three-electrode configuration, consisting of our
synthesized sample as working electrode (WE), Ag/AgCl as reference
electrode (RE) and Pt-wire as counter electrode (CE), respectively. A
100 W halogen−lamp light source (Dolan Jenner, Model 150
Illuminator) with a cutoff filter of 420 nm was used to simulate the
solar illumination. As the buffer solution we used 0.1 M KH2PO4
solution in Milli-Q water (18 M Ω cm) with pH adjusted to 7.0.

■ RESULTS AND DISCUSSION
The as−synthesized MoS2 NSs cover the entire ITO substrate.
The FESEM image in Figure 1a shows that large-scale NSs with
network structure uniformly grows on the substrate. Moreover,
the amplified FESEM image shown in Figure 1b reveals that the
as-grown NSs have ultrathin morphology, and they do not

assemble each other. More importantly, these NSs present an
almost vertical alignment, forming the vertically mesh-shaped
structure with preferentially exposed edges. Noting that the
edge of MoS2 has been identified as the active site for
electrocatalyses,25 furthermore Jaramillo26 and Cui et al.27 have
reported recently the significantly enhanced HER performance
by engineering MoS2 arrangement to preferentially expose
active edge sites, respectively. Thus, the abundant active edge
sites exposed in present NSs network must endow MoS2 the
higher electrocatalytic activity. In addition, such a three-
dimensional (3D) mesh structure exposes meanwhile the
large surface area, which is significantly conducive to the optical
absorption and the redox reaction. The typical TEM image, as
shown in Figure 1c, also verifies the lamellar NSs morphology.
Figure 1d shows the corresponding HRTEM image in the
region denoted by the white line in Figure 1c. The observed
lattice spacings of 0.63 and 0.27 nm correspond to the
interlayer (002) and interplanar (100) planes of hexagonal
MoS2, respectively. Particularly, the crystal fringes of (002)
plane along the curled edge indicate the formation of 3−5
layered MoS2 ultrathin NSs. The EDS spectrum shown in
Figure S1a in the Supporting Information illustrates that the
grown NSs are composed of characteristic Mo and S elements,
and some other detected elements including Si, In, Ca, and O
are originated from the ITO substrate. The XPS survey
spectrum in Figure S1b in the Supporting Information is also
dominated by the stoichiometric Mo and S peaks besides some
peaks of inevitable C and O elements. To confirm further phase
structure and chemical state, the XRD and high-resolution XPS
measurements were performed. Figure 2a shows the XRD
pattern of sample, in which the standard pattern of hexagonal
MoS2 phase (JCPDS card No. 73−1508) and the XRD pattern
of bare ITO substrate are imported as references. In addition to
some strong diffraction peaks coming from ITO, there are
other peaks corresponding respectively to (002), (004), (100),

Figure 1. (a) Low-magnification and (b) high-magnification FESEM (c) TEM images of MoS2 NSs. (d) HRTEM image of the region denoted by
white line in c, showing two lattice spacings of 0.63 and 0.27 nm corresponding to interlayer (002) and interplanar (100) planes of hexagonal MoS2,
respectively.
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and (105) planes of standard hexagonal phase MoS2,
confirming the formation of MoS2 crystalline phase. It is
reasonable that the diffraction peaks of MoS2 are weaker and
broader than that of ITO because the ultrathin MoS2 NSs
usually cannot be detected intensively by XRD.28 Especially, the
extremely weak (002) peak of c-plane can support in turn that
the produced MoS2 NSs are of ultrathin structure.28 The high-
resolution XPS spectra in Mo 3d and S 2p regions, as shown in
Figure 2b, identify respectively the Mo 3d3/2 peak of 232.4 eV,
Mo 3d5/2 peak of 229.3 eV, S 2p1/2 of 163.5 eV, and S 2p3/2
peak of 162.3 eV, indicating further the chemical composition
of MoS2 in the sample.
Figure 3a shows the UV−vis absorption spectrum of the as-

synthesized MoS2 NSs. Two obvious absorption peaks
respectively locate at the UV and visible bands, moreover, the
intensity of absorbing UV is much higher than that of absorbing
visible light despite the small band gap (1.2−1.8 eV)29,30 of
MoS2 NSs. Indeed, many experiments also found that there is

such a multipeak-absorption feature in few-layered MoS2 NSs;
furthermore, the strong absorption peaks are usually above the
fundamental band gap.31 Recently, the theoretical calculations
of Carvalho19 and Grossman et al.22 suggested that the large
optical absorption above the fundamental band gap is a general
character in two-dimensional (2D) TMDs, which was explained
by both the strong dipole transition between localized d orbits
and the band nesting enhanced by van Hove singularities in the
electronic density of states. These natures undoubtedly enable
2D TMD like MoS2 strong photon−electron coupling, leading
to large photoelectric response. In addition, MoS2 undergoes a
crossover from indirect to direct gap when going from
multilayer to monolayer, inducing enhanced photolumines-
cence (PL) via recombination at the direct gap of
monolayer.29,30 For photovoltaics (PV) and photocatalysis,
such a direct recombination of photo−generated carriers is
highly undesirable. Thus, the present few-layered MoS2 NSs
can not only guarantee the light absorption and the exposed
active edge but also restraint the direct recombination of
electron−hole pairs. On the basis of these analyses, the few-
layered MoS2 NSs are possibly entailed novel and compre-
hensive capacities of absorbing and converting the broadband
sunlight for PV and PEC devices. As a proof-of-concept
application, we use the ultrathin MoS2 NSs as the photoanode
of PEC cell to examine the photocurrent characteristics. Figure
3b shows the linear sweep voltammograms, where the black
and red lines represent the current density in the dark and
under illumination, respectively. The largely enhanced photo-
current can be seen at any external potentials, indicating the
effective incorporation of photocatalytic activity. Figure S2 in
the Supporting Information adds the linear voltammograms of
bare ITO substrate in the dark and under illumination, and
almost no photocurrent response is detected, excluding the
contribution from ITO. Noting that the accelerated rising of
dark current curve after an onset potential of about 0.6 V
represents the sample’s electrocatalytic effect. For the other
special case, when without the external potential, the current
increases by about 50 times only because of the illumination,
which denotes the pure photocatalytic activity. However,
although only the MoS2 NSs are the photo-response active
material, the interface between ITO and MoS2 also plays an
important role in separating photo−generated carriers for PEC
catalyses. Figure 4 shows the energy band alignment at the
ITO/MoS2 interface. Because ITO is a (semi)metal and MoS2
is a semiconductor, the electrons and holes generated in such a
PEC cell would be separated through the Schottky barrier (SB)
formed at the ITO/MoS2 interface. According to the previous

Figure 2. (a) XRD patterns of the MoS2/ITO and bare ITO with the
standard pattern of hexagonal MoS2 as a reference. (b) High-
resolution XPS spectra in Mo 3d, S 2s, and S 2p regions of MoS2 NSs.

Figure 3. (a) UV−vis absorption spectrum and (b) linear sweep
voltammograms in the dark and under illumination for MoS2 NSs.

Figure 4. Schematic energy band diagram of the MoS2/ITO interface.
p-SB is the hole Schottky barrier, and EC and EV are the conduction
and valence band edges, respectively. The electrons and holes with
their reverse transporting directions under illumination are respectively
denoted by solid and hollow circles.
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reports,15,22 the band gap of Eg ≈ 1.8 eV and a workfunction of
ϕMoS2 ≈ 5.2 eV for few-layered MoS2 NSs were assumed, and
the workfunction of ϕITO ≈ 4.4 eV for ITO was set. The carrier
separation occurs by injecting photogenerated electrons from
the conduction band of MoS2 to ITO, whereas holes
photogenerated in the valence band of MoS2 cannot diffuse
to ITO because of the existence of p-type SB. The reverse
transporting of positive and negative charge carriers at the
MoS2/ITO interface retards the recombination of electron−
hole pairs and prolongs the carrier lifetime, leading to the
superior photocurrent response.
Figure 5a shows the transient current under the chopped

light illumination at several typical potentials of 0, 0.5, and 1 V.
The currents always exhibit good switching behaviors with the
pulsed illumination at any one potential, indicating further the
photocurrent can be reproducibly enhanced by increasing
potential or by introducing light illumination. More impor-
tantly, it can be seen that the effects of potential and light
illumination can promotes each other, and a superior
photocurrent of 0.26 mA/cm−2 can be achieved at 1 V
potential. The overshooting behavior of photocurrent amplified
in the inset of Figure 5a reveals further the synergistic effect
between the external potential and light illumination. The
current overshoots only when switching on light, indicating an
instantaneous accumulation of photo-separated electrons/holes
on the NSs surface, and if no one proper potential drives them
to flow towards opposite directions, the part of them will
subsequently lost via the nonradiative transition and the
radiative recombine, then the photocurrent decays rapidly until
a stationary photocurrent is reached. Thus, the remarkable
overshooting feature in the absence of external potential reflects
the large concentration of photo−generated carriers, and it can
gradually calm down with the potential increasing, demonstrat-
ing fully the potential−assisted charge separation. These are
very important for improving the photocurrent and con-
sequently the PEC performace. To identify the effective light
band for the photoelectrocatalysis of our MoS2 NSs, Figure 5b
compares the transient photocurrents under the full-spectrum
light from a halogen lamp and the visible light with wavelengths
longer than 420 nm selected by a filter. This result suggests that
about 76% photocurrent arises from UV band although the
visible light is also contributing, which is consistent with the
above optical absorption feature. Therefore, it will motivate one
to design further MoS2-based heterojunction PEC cells for solar

energy conversion by integrating the complementary materials
as visible light absorbers.

■ CONCLUSIONS

In summary, we synthesized a large area of MoS2 ultrathin
nanosheets (NSs) with a vertically mesh-shaped structure on
ITO substrates as the photoanode of a PEC cell. The dynamic
process of photogenerated carriers was illustrated, which
involves the photon absorption and conversion in ultrathin
MoS2 NSs, and the charge separation driven by the matched
energy band and the external potential at MoS2/ITO interfaces.
The significantly enhanced photocurrent demonstrates the
photoelectrocatalytic activity of untrathin MoS2 NSs, high-
lighting the promising potential of the MoS2 NSs-based PEC
cells for photoelectrocatalytic energy conversion and degrada-
tion.
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